Some level of settlement is allowed in the design of oil tanks if uneven settlement is controlled within allowable values. Considering the critical condition of piled raft foundation (PRF), that is, secure contact of raft base to the ground surface, PRF is considered one of the rational foundations for the oil tanks. However, PRF has a complex interaction with soil under horizontal seismic loading, especially if the tank rests on a liquefiable soil. On the other hand, the pile installation method can affect the pile bearing capacity and the liquefaction resistance of sand as well. In this study, a series of centrifuge tests was performed to investigate the mechanical behavior of oil tanks supported by PRF on liquefiable sand. In the tests, slab and piled-raft foundations were modeled. In the case of PRF, two different methods of pile installation (Driven and NonDriven) were modeled and the Driven PRF models were made with two different pile numbers. Using the observed results, such as accelerations of the tank and ground, displacements of the foundation and excess pore water pressures of the ground, advantages, and limitations of PRF for oil tanks on liquefiable sand are discussed.
INTRODUCTION
The majority of existing oil storage tanks in Japan were constructed before the early 1970s when soil liquefaction was first considered in the design of tank foundations. After the 1964 Niigata earthquake, the 1978 Miyagiken-oki earthquake and the 1995 Hyogoken-Nambu (Kobe) earthquake, it has become an urgent matter for geotechnical engineers to assess the seismic stability of existing oil storage tanks and implement proper countermeasures against soil liquefaction. 1), 2) Since the concept of piles as settlement reducers was introduced by Burland et al. (1977) , 3) piled raft foundation (PRF) has received remarkable attention, especially in reducing the construction expenses by reducing the required number of piles. The raft in this foundation system has adequate bearing capacity; therefore, the main objective of introducing the pile elements is to control or minimize the settlement, especially uneven settlement, rather than to carry the major portion of the vertical loads. Therefore, a major question on this type of foundation is how to design the piles optimally to control the settlement. 4) , 5) This foundation has been considered for building foundation design and some case studies have been reported. 6) Yamashita et al. (2014) 7) investigated the performance of PRF during the 2011 off the Pacific coast of Tohoku earthquake. Besides, some researchers have observed the complicated behavior of PRF under other loading conditions. Pastsakorn et al. (2002) 8) studied the behavior of this foundation system under static lateral loading tests in 1 g condition to evaluate the application of pile groups and PRF and discuss the optimized parameters, e.g., raft size, number of piles and piles spacing. In order to study the performance of PRF in dynamic loading condition, some researches were also accomplished. 9) In addition, centrifuge modeling has also been used under static and dynamic loadings to study the mechanical behavior of PRF. A comparison of piled raft, pile group, and raft foundations under static horizontal loadings were made using centrifuge model tests. 10) , 11) On the other hand, dynamic centrifuge model tests were also conducted by 12) to compare a piled raft with a pile group foundation and discuss the effect of pile head connection to the raft. In spite of enormous studies on PRFs, optimal and rational design methods of this foundation have not been extended to civil engineering infrastructures. This is partly due to the complex soilstructure interaction between raft-ground-piles during an earthquake. In particular, if the piled raft rests on a liquefiable ground, the soil-foundation interaction becomes more complicated. Due to this complexity and possible large settlement, the practical implementation of PRF is not a straightforward issue.
Securing the contact of the raft to the subsoil is another concern in the seismic design of PRF. The contribution of raft against the horizontal loads cannot be assured without this contact. For this purpose, the raft settlement should be equal to or greater than that of the surrounding ground; otherwise, a gap between the raft and the ground surface may develop. In the design of oil tank foundation, the main concern regarding settlement is uneven settlement, not maximum settlement. For example, an allowable uneven settlement is 1/300 of tank diameter, 13) which implies that some level of tank foundation settlement is permitted if the uneven settlement is controlled below the allowable value. Thus, this foundation system is considered one of the rational foundations for oil storage tanks. Some studies have been done on oil tank foundations. For example, performances of pile foundation of storage tanks were investigated in some case studies. 2), 14) Also, some case studies were reported by Ishihara, et al. (1980) 1) and Sento et al. (2004) 15) about oil tanks on liquefiable sandy soil and soil improvement methods as the countermeasure. A few researchers have considered PRF for the storage tanks. Liew et al. (2002) 16) reported a case study of oil storage tank with PRF. A finite element method (FEM) was utilized by Chaudhary (2007) 17) to study the behavior of PRF for a huge storage tank. Also, De Sanctis and Russo (2008) 18) reported a PRF design for a cluster of sodium hydroxide circular tanks. Furthermore, among the studies on PRF of oil tanks on liquefiable sand, Imamura et al. (2010) 19) and 20) utilized centrifuge modeling to investigate the dynamic response of an oil tank supported by PRF. Although dynamic and permanent settlements and rotations of foundations were observed in these researches, the observations were only made in the shaking direction, not in the different directions.
On the other hand, the bearing capacity of pile foundation depends on the pile installation procedure since it changes not only the structural behavior of the piles but also the stiffness and strength of the soil. In order to investigate this issue, some researches have been conducted on the pile installation effect on the load capacity of piles. Adejumo and Boiko (2013) 21) utilized field tests on driven and non-driven (bored) piles in layered sandy clay soil to study the effect of the installation method. Also, the installation and load testing of some driven cast-in-situ (DCIS) piles at a uniform sand site were reported by Flynn and McCabe (2015) . 22) Besides these studies, some researchers conducted centrifuge model tests to examine the effect of the pile installation procedure on pile behavior. Bloomquist et al. (1991) 23) developed a pile drive-load test device for in-flight installation of piles in sand and compared the pile load capacity of 1 g statically pushed piles and in-flight driven piles. Another in-flight pile driver with loading set was manufactured by Pan et al. (1999) 24) which could drive piles, one by one into the soil. Furthermore, a series of model pile tests was conducted by centrifuge to study driven piles behavior installed by a miniature pile driving actuator in homogeneous silica sand with various densities. 25) Also, a comparison between the seismic behavior of driven and non-driven PRF of oil tanks was presented by Sahraeian et al. (2015) 26) using centrifuge modeling. Despite these previous studies, the difference between the behavior of PRF with driven and non-driven piles during dynamic loading has not been well investigated. On the other hand, although there are some studies about PRF in the literature, the effect of piles number on the piled raft foundation of oil tanks on liquefiable sand has not been considered.
In this study, in order to investigate the mechanical behavior of oil tank supported by PRFs with driven and non-driven piles on the liquefiable saturated sand, dynamic centrifuge model tests were performed. For this objective, a special setting was developed to model a driven PRF for the oil tank inflight. Moreover, for the driven piles PRF, the effect of piles number on the performance of PRF was also investigated. From the observed test results, such as excess pore water pressures and accelerations of the ground, and accelerations, rotation and settlement of the tank, typical dynamic and permanent displacements of the tank with PRF are studied in comparison to those of the slab foundation. In particular, the behavior of tank was observed not only in the shaking direction but also in the transverse direction. From these investigations and comparisons, the advantages and limitations of PRF with driven and non-driven piles in the application to the oil tanks on liquefiable sandy soil are discussed. 27) centrifuge tests were conducted under 50 g centrifugal acceleration. A laminar box consisted of 15 laminas and rubber membrane bag with inner dimensions of 600 mm in length, 250 mm in width, and 438 mm in depth was used for making the model setups shown in Fig. 1 .
Four model tests were performed as shown in Table 1. In Case 3b, a slab foundation (SF) was placed on the saturated sand. A non-driven piled raft foundation (PRF) including 12 piles was placed on saturated sand in Case 4. To compare the behavior of oil tanks supported by PRFs with non-driven and driven piles, a driven piled raft foundation with 12 piles was modeled on saturated sand in Case 5. Based on a foundation design method, e.g., Meyerhof's method 28) and using the φ ′ of Silica sand No.8 (Table 2) , the bearing capacity of each pile and raft in the prototype scale are about 1.2 MN and 107 MN, respectively in the static condition. Namely, the bearing capacity of 12 piles is about 14% of the bearing capacity of the raft. In order to increase the similarity of this foundation model with the real oil tank foundations in terms of piles number, the driven piled raft foundation with larger piles number (24 piles) was modeled in Case 6. For non-driven piles, PRF with 24 piles was not modeled in this study due to the difficulties in preparing the sand using the method employed (see section 3. a)) for the small pile spacing. During the ground preparation, the sensors were placed in two different sections, the first section the center line of the model in the shaking direction and the second in the transverse direction. It should be noted that the accelerations in the transverse direction were measured only at the bottom (A12) and top (A13) of the tank model, and the ground acceleration in the transverse section (A10 and A11) are in the shaking direction ( Fig. 1(c) ). Model dimension and instrumentation details are shown in Fig. 1(a), 1(b) , and 1(c).
(2) Tank, pile, raft, and ground modeling Table 3 shows the characteristics of the tank, pile, and raft for both the model and prototype scales. The tank model ( Fig. 2(a) ) is made of an acrylic cylinder with 140 mm outer diameter, 160 mm height, and 3 mm thickness. It was glued to the slab/raft model made of an aluminum disk with a diameter of 150 mm and thickness of 10 mm (Figs. 2(a) and 2(c) ). duced 81 kPa of the vertical load intensity (q v : total weight/raft base area) under 50 g centrifugal acceleration. The piled raft foundation had 12 or 24 identical piles, made of an aluminum tube with outer diameter of 6 mm, a thickness of 0.5 mm, and length of 100 mm as shown in Fig. 3 . These piles were arranged symmetrically (Figs. 2(d) and 2(e) ). The pile heads were not rigidly fixed to the raft, but simply capped by the concave hole, which allows partially free rotation like pinned connection (Fig. 3) . In this way, the piles mostly were subjected to large axial and lateral forces and a small bending moment at the connection point to the raft. This condition is close to the actual situation of the normal pile foundation of oil tanks. 29) Rough pile shaft surface was also made by gluing silica sand No.8 (Fig. 3) . The contact pressures at the raft base were measured by five earth pressure (EP) cells. In Case 4, external (nonbuilt-in) cells were glued on the raft base, while in Case 3b, Case 5 and Case 6, new raft models with five built-in earth-pressure cells covered by thin silicon rubber were employed to improve the reliability of earth pressure measurements by eliminating the stress concentration on the attached EP cells (Fig. 2(b) ). Although the type of sensors was different in Case 4, as shown later, the measured data were acceptable for discussing the general trend of load sharing between the piles and raft. For the estimation of vertical load proportion between the piles and raft, it is also possible to measure the pile axial load using instrumented piles. 20) However, in the pile installation process of the driven piles, the instrumented piles with wires cannot be used. Therefore, the average measured raft contact pressures by EP cells were employed to estimate the load sharing between the piles and raft. Table 2 . Water was used as pour fluid of the sand. The prototype permeability of silica sand No.8 is about 1.0 × 10 −3 m/s in 50 g centrifugal acceleration. Although this value is relatively high, it is low enough to accumulate excess pore water pressure and create complete liquefaction with water in the short duration of input motion used. The coarse grain size silica sand No. 3 was utilized as the drainage layer at the model bottom to supply water evenly into the model ground during the saturation process. Using the air pluviation method, the sand layer was made with a target relative density of 65%. But in some cases, the final relative density had a few deviations from the target value ( Table 1) .
In the case of non-driven PRF (Case 4), the piles were fixed at the center of the model box by an aluminum guide (Fig. 4) . Then, using the air pluviation method, sand was poured until reaching the required level. At this level, the piles tip with conical shape was just above the ground surface and could be put into the concave holes at the raft base. During the sand preparation, the accelerometers and pore water pressure transducers (PPTs) were placed at the prescribed locations as shown in Fig. 1 . After making the model ground, it was saturated in a vacuum tank by introducing de-aired water from the bottom of the model box.
b) Preloading in Cases 3b and 4
In Cases 3b and 4 after completion of the model ground preparation, the model tank was placed on the ground. There was inevitable unevenness at the ground surface especially for the case with piles, which created non-uniform contact condition of raft base to the ground surface, such as local gaps. To reduce the effects of the local bedding error and secure the contact, small vertical displacement was imposed by an electrical jack in 1 g condition. The loaddisplacement curves measured in the preloadings for Cases 3b and 4 are presented in Fig. 5 . The loaddisplacement relations of the two cases were different due to the different initial bedding conditions and bearing resistances with and without piles. In Case 3b, 1 mm displacement was imposed, which exerted 245 N of preloading. While in Case 4, 490 N was applied assuming the raft load proportion (RLP=raft load/total vertical load) of 50%, which could exert the same raft load as Case 3b. There was no particular reason for RLP=50%, but it was employed as the first approximation. However, the substantial displacement exerted to the ground by the raft in Case 4 could be almost the same as that of Case 3b, 1 mm, which can be estimated from the displacement after the bent of load-displacement curve of Case 4. The bent could be an evidence of additional resistance from the raft. The measured earth pressures in Case 3b with the built-in cells and Case 4 with the non-built-in cells during the preloading process are presented in Fig. 6 together with the vertical load intensity (q v : the load exerted by the self-weight and the jack divided by the raft area). In Case 4, the pressure could not be recorded by EP5 (the raft center). In this case, all the earth-pressure cells recorded larger values than the maximum q v (∼25 kPa), which included resistances not only from the raft but also from the piles. These larger base contact pressures could be attributed to the stress concentration on the non-built-in earth-pressure cells. However, the trends of variation in the measured contact pressures were well comparable to that of the applied load, meaning that even those nonbuiltin cells could provide qualitatively useful data during the test. However, in order to eliminate this undesirable stress concentration and measure a better raft contribution qualitatively, the built-in earth-pressure cells were implemented at the raft base in Case 3b. Although the measured contact pressures by the builtin cells showed a large difference, the average value of the measured pressures was much closer to the average exerted pressure (q v ). The inevitable uneven ground surface condition could be a reason for the large variation in the measured contact pressures.
c) Pile installation and preloading in Cases 5 and 6
In order to model in-flight installation of the driven piles in Case 5 (Driven PRF with 12 piles) and Case 6 (Driven PRF with 24 piles), a 20 mm thick acrylic guide plate ( Fig. 7(a) ) was used to hold the piles and tank during the pile installation at the center of the saturated model ground. The plate has vertical holes with 6.5 mm diameter at the locations of piles. To have upright positions of the piles inserted in the holes, small 10 mm thick Styrofoam pieces with 6 mm diameter were used as shown in Figs. 7(a) and 7(b). Setting all piles and placing the tank model, the piles were pushed into the sand in 50 g as the first pile installation stage using an electrical jack ( Fig.  7(e) ) with a loading rate of 2 mm/min. The jack loading was stopped before the tank bottom contacted the guide plate surface. Afterwards, the centrifuge was stopped, the tank and the guide were removed from the top of the piles and then the tank was put again on the top of the piles ( Fig. 7 (c) and 7(d)). Again, in 50 g centrifugal acceleration, the jack load was ex- erted to the tank to drive the piles into the sand model completely and to develop contact between the raft and the sand surface. Furthermore, to have a secure contact of the raft base to the ground surface, preloading was applied on the tank in the same in-flight condition. The replacement ratios defined by the total cross-section of the piles to the raft base area are 1.9% and 3.8% for the 12 and 24 piles model, respectively. Assuming that the volume of piles (piles cross area × pile length) is equivalent to the reduction of soil volume in the pile installation portion (raft base area × pile length), relative density could be increased to 70% and 75% for 12 and 24 piles, respectively, from the target sand density (D r = 65%). Due to the static pile installation procedure and the outward lateral displacement of sand at the perimeter of the installation portion, the actual increases in relative density by the pile driving should be smaller than those values. It should be noted that the model pile installation sequence was different from one-by-one installation in real construction sequence, which is very difficult with the facility available. However, at least the installation process of driven (displacement) pile could be modeled by the procedure employed and the results can be compared with those obtained from the non-driven (non-displacement) pile model (Case 4). Furthermore, the simultaneous installation of all piles could avoid uncontrolled unsymmetrical conditions of sand and piles caused by one-by-one installation.
The load-displacement relationships in the second installation and preloading process in Cases 5 and 6 are presented in terms of total load and per pile load in Figs. 8(a) and 8(b) , respectively. The weight of the model tank and loading block put in the tank is included in the load. The raft base contacted the sand surface at the displacement of about 25 mm. During the preloading process, same maximum vertical load intensity (vertical load/raft area) was applied to the foundation in the two cases. This load was estimated by subtracting the load at the time of contact from the applied load. Also, the maximum applied preload was decided considering the earth-pressure cells capacity (500 kPa). In this way, the maximum applied preload in Case 5 and Case 6 were about 11.5 kN and 13 kN, respectively, and the maximum of vertical load intensity (q v ) in these cases neglecting piles load was about 700 kPa in both cases. The per-pile load in Case 6 is almost the same as that in Case 5 at the end of penetration. However, the load displacement curves of the two cases are quite different. In the beginning, the per-pile load in Case 5 is larger than Case 6 and as the penetration increases, the increment rate of Case 6 increases while that of Case 5 decreases. The larger per-pile load of Case 5 in the beginning could be attributed to larger sand density ( Table 1) and pile group effect, referring to larger pile end bearing capacity in the case of fewer piles. But as the penetration increased, the larger shaft friction was mobilized for the latter case than the former due to the larger soil compaction and the larger horizontal stress. Although the maximum load in the preloading process was different in driven-PRF cases (Cases 5 and 6) comparing with SF case (Case 3b) and nondriven-PRF case (Case 4), the final penetration depth of raft during the preloading was not so much different for all the cases. In Case 3b and Case 4, the maximum settlement during preloading were 1 and 2 mm, respectively (Fig. 5) , while they were 2.5 mm in Case 5 and 2 mm in Case 6 (Fig. 8) . In Fig. 9 , raft base pressures measured by the pressure cells during the preloading process are presented with their average raft pressure (ARP) and the vertical load intensity (q v ). In spite of some difference in the measured contact pressures by built-in pressure cells, the average values of the recorded pressures are nearly comparable with the average applied stress with some exception, such as EP3 in the beginning of preloading of Case 5 and EP4 in the whole loading process of Case 6. As mentioned before, unavoidable uneven ground surface is a reason for significant difference in measured pressures especially in the beginning of the loading, which caused small pressures by poor contacts and large pressures by stress concentrations. After completion of the second stage of pile installation and preloading in the driven PRF cases (Cases 5 and 6), the centrifuge was stopped and the jack was detached.
d) Shaking tests
After the preloading process, the whole setup was mounted on the shaking table on the swing platform of the centrifuge. The displacement sensors (LDTs) were set on the model and after filling the tank with water, the centrifugal acceleration was increased up to 50 g. The shaking tests were conducted after confirming the steadiness of all sensors output. The target input wave of the main shock used in the tests is EW component of the acceleration recorded at Kurikoma, Kurihara city during the 2008 Iwate-Miyagi Nairiku earthquake, 30) which is characterized as a vibration with a moderate duration. Two shakings were inputted to the model. Confirming all measured values were constant after the first shake, the second shake with about fifteen percent higher amplitude was inputted to the model. The comparison of target acceleration and its Fourier spectrum with those of input motions in the tests are presented in the prototype scale in Fig. 10 . The high-frequency component of the target motion could not be modeled due to the limited performance of the hydraulic shaker used. Nevertheless, the Fourier amplitudes were almost the same for all the test cases for the period longer than 0.4 secs, except for Shake 2 in Case 3b. However, there were some differences in the magnitude of input acceleration, which can be seen in the variation of Arias intensity of the input accelerations in Fig. 11 . Arias intensity (I a ) first proposed by Arias (1970) 31) is a measure of intensity of shaking defined as:
where a(t) is shaking acceleration and t is time. Considering that I a tends to exaggerate the difference in the acceleration by squaring the acceleration, the input motions of all cases in Shake 1 are nearly similar, especially until 7 sec. While in Shake 2, remarkably larger I a level was obtained in Case 3b than the other cases, which had almost similar input motion levels mostly until 7 secs. From the time variation of Arias intensity, it can be seen that the majority of major input acceleration had been exerted until 10 to 15 sec and thereafter the input acceleration amplitudes were so small and the differences in all cases were negligible. In the discussion of the test results, the above-mentioned differences in the input motion are taken into consideration.
In the shaking tests, the ground and tank accelerations, the horizontal and vertical displacements of the tank, and the excess pore water pressures in the ground were measured as shown in Fig. 1 . Despite careful instrumentations, some sensors could not measure the data, which are shown in Table 1 . In the following discussion, the results of the model tests are given in the prototype scale unless otherwise stated.
RESULTS AND DISCUSSION (1) Ground response
Fourier amplitudes of the ground accelerations measured in all the cases during Shake 1 are compared with that of the input motion in Fig. 12 . Although there are some missing data due to the malfunctioning of accelerometers and difficulty in placing the sensor in the pile driving portion ( Table 1 and Fig. 1) , several points on the general behavior and the effects of foundation type can be observed from the figures. At the location of A2 (X=Y=0, Z=6.25 m), 1.25 m below the pile ends, the input motions were propagated without attenuation for all the cases. However, above this depth, attenuation of input motion is clearly seen in the ground, especially for the short period components, which is a clear evidence of soil stiffness reduction by the liquefaction. The attenuation is more significant beside the tank (A6) than beneath the tank (A5), which can be attributed to the confinement effect of the tank load to the soil underneath. This could prevent significant reduction of stiffness of the soil under the tank. However, the natural period of the ground became long due to the liquefaction, which could cause the amplification in the long period range (over 1 sec) as seen beneath the tank (A5). The acceleration response of A11 located at 0.75 m away from the raft edge in the transverse section is similar to that of A5 beneath the tank center in Cases 3b and 4, implying that the tank load could affect the dynamic behavior at the location of A11. At the location of A6, 3 m away from the raft edge, the attenuation of seismic motion is larger in the cases of PRFs (Cases 4, 5, and 6) than in the SF case (Case 3b), implying a more pronounced effect of the tank load in the latter case. The same behavior can be seen at the location of A3 in Cases 3b and 4. This is because the tank loads were transmitted to the deep depth through piles of PRFs as compared to SF. Comparing A10 (X=0, Y=4.5 m, Z=3.75 m) in Cases 5 and 6, more attenuation can be seen in Case 6 than in Case 5, which also implies that more tank load was carried by piles in Case 6 than in Case 5. The details of proportion of the vertical load carried by the piles and the raft will be discussed in Section 3. (3).
(2) Excess pore water pressure
The excess pore water pressures (EPWP) at different locations of the ground observed in Shake 1 are presented in Fig. 13 . The figure shows the EPWP in different depths in four vertical arrays, three in the longitudinal section at the tank center (P7, P4, P3, and P2: X=0 m), near (P8 and P5: X=6.75 m) and far (P9 and P6: X=10 m) outside of the raft, and one in the transverse section (P12, P11: X=0, Y=4.5 m). The EPWPs at P7 in the early stage of shaking is also shown in the figure. In Case 3b: P2 and P3; in Case 5: P4, P11, and P12; and in Case 6: P4, P5, and P8 could not be recorded ( Table 1) . In the figure, the initial overburden stress (σ ′ v0 = zγ ′ , γ ′ : effective unit weight of sand) and the vertical stress (σ ′ v ) are presented. σ ′ v is the sum of σ ′ v0 and the stress by the tank pressure, which is calculated by the elastic solution assuming the uniformly distributed raft pressure on an elastic half-space. 28 ) Also, excess pore water pressure ratio (r u = EPWP/σ ′ v ) at the same locations of the ground in Shake 1 is shown in Fig. 14 . In the early stage of shaking, the EPWPs increased rapidly and then this rapid rise ceased and the water pressure either became almost constant or increased gradually during the shaking. Then the EPWPs started the dissipation. At the locations, outside of the raft (P8, P5, P9 and P6) where the tank load did not affect σ ′ v , the EPWP built nearly up to the σ ′ v value (Fig. 14) , meaning almost zero effective stress (σ ′ v − EPWP 0). While at the location beneath the tank (P7, P4, P3, and P2) and near the tank (P11 and P12), where the tank load affected σ ′ v , the EPWPs were smaller than the σ ′ v values, reconfirming the confinement effect of the tank on the soil underneath. The larger the difference be- tween σ ′ v and σ ′ v0 is, the larger the remaining effective stresses, that is, σ ′ v − EPWP (the smaller r u ), in particular at P7. However, it should be noted that the actual vertical stresses of PRF beneath the tank largely depend on the raft contact pressure. The pore water pressure behaviors of Cases 3b and 4 were almost the same from the beginning to the end, except those of P7 and P4 at the tank beneath showing slightly larger EPWPs in Case 4 than in Case 3b in the rapid EPWP rise period, which could be attributed to the increase of raft pressure in this period. While for Cases 5 and 6 (driven-PRFs), the EPWP behaviors in the rapid rise period are also similar to those in Cases 3b and 4 in almost all locations. However, P7 shows quite a different behavior in Cases 5 and 6 compared to those in Case 3b and Case 4. P7 in Case 6 shows two stage EPWP build-up until t = 2 sec and t = 4.6 sec and a gradual decrease immediately after the rapid build-up. In Case 5, P7 increased in one stage until t = 3 sec and showed a gradual decrease from this point, which is different from the behavior observed in Cases 3b and 4, where EPWP increased gradually after the rapid rise. These different behaviors of P7 in the different cases are considered as an effect of the pile driving. The pile driving process increased the density and lateral confinement of sand between piles, which could slower the EPWP increase and enhance (elongate) the EPWP dissipation at the location of P7. This effect was more significant in Case 6 than in Case 5 due to larger number of driven piles. This EPWP behavior also affected the pile resistance, resulting in the raft contact pressure, which will be discussed in the next section. The later start of dissipation of EPWP at the locations outside of the raft in Case 6, compared to the other cases is an evidence of smaller relative density in Case 6 ( Table 1) . The larger and longer EPWP at the perimeter area in Case 6 could cause the larger t 2 and t 3 value, of which definitions are subsequently explained. In addition, the EPWP behavior in the area outside of the tank border is different in Cases 5 and 6 (driven PRFs) comparing to the other cases. Possible reasons for this difference are slightly larger input motion in Case 5 and smaller relative density in Case 6 than in the others (Figs. 10  and 11 and Table 1 ). The residual EPWPs observed at the shallow depth after dissipation was due to the tank settlement, which caused settlement of PPT at the location beneath the tank and the settlement of PPT due to the relatively large unit weight at the location outside of the raft. In P7 of Cases 5 and 6, however, these positive (residual) EPWPs were not observed; even if it lowered below zero at the end of shaking in Case 5. No clear reason could be found for this, but from the fact that this negative pressure finally became almost zero with a very slow increase and while the residual EPWP occurred in Cases 5 and 6 during Shake 2, the large disturbance at the location of P7 or tension of the PPT wire, both of which might be caused by the pile driving process, could be considered as possible reasons.
As mentioned earlier, the typical variation of EPWPs can be divided into three parts. The first part is until the end of rapid increase, which is called "buildup period" and t 1 is the end of this period. The second part is from t 1 to the time when the pore pressure starts the dissipation (t 2 ), which is named "liquefaction period". The third is the dissipation stage from t 2 until the end of this period (t 3 ). Determining the end of dissipation (t 3 ) is not straightforward due to the gradual decrease of EPWP and the residual EPWP. The end of dissipation (t 3 ) was determined at the time when the decrease of EPWP from the maximum value became 99% of that at the end of the measurement as shown in Fig. 13 . These three times (t 1 , t 2 , and t 3 ) are highlighted in the EPWP graphs of P7 ( Fig. 13) and will be used for the discussion on the later parts. It should be noted that there is some uncertainty in the determination of t 2 of P7 for Cases 5 and 6. As the EPWP showed the gradual decrease from t 1 , t 2 was determined by the time when a relatively large EPWP decrease rate was observed. Figure 15 shows the variations in raft base contact pressures measured by five pressure cells during the two shakings. In Case 4, the cell at the tank center (EP5) could not measure the pressure. In the figure, ARP, which is the average of the pressures recorded by EP cells is also represented by dotted line. The measured pressures in Case 4 with the non-built-in pressure cells were more uniform than those measured in Cases 3b, 5, and 6 with the built-in pressure cells, which was partly because of the effect of initial surface undulation on the measured pressures. The effect was considered more significant for the built-in cells, which created a flat raft base than the nonbuiltin cells with a convex on the base. However, comparing the variations in Cases 4 and 5 or 6, it can be confirmed that the built-in cells could measure the dynamic pressure better than the non-built-in cells. Also the variations in Case 3b shows that the average value of the five pressures measured by built-in cells (ARP) during the shaking was close to the vertical load intensity (q v = 81 kPa), while the non-built-in cells in Case 4, almost all cells recorded the pressure more than q v as observed in the preloading stage (Fig. 6) . From these facts, it can be reconfirmed that the builtin cells could give more precise pressures than the non-built-in ones for both static and dynamic loadings. Between Cases 5 and 6, there are significant differences in ARP, especially in Shake 1. Before Shake 1 the ARPs were 44 kPa and 11 kPa, respectively. Although there should be some difference between precise average raft pressure and the measured ARP, assuming they are quite similar, the vertical load was carried about 54% by the raft at the beginning of Shake 1 in Case 5, while in Case 6 only 14% of the vertical load was carried by the raft. This difference in the Raft Load Proportion (RLP: ARP/q v ) inevitably occurred due to the larger resistance of piles in Case 6 with 24 piles than that in Case 5 with 12 piles. However, the RLPs of the two cases became similar after the first shake, 20 kPa (RLP=25%) in Case 5 and 17 kPa (RLP=21%) in Case 6, respectively. In Shake 2 some changes in ARP took place, but the changes were small compared to those in Shake 1, from 20 kPa to 25 kPa (RLP=31%) in Case 5 and from 17 kPa to 12 kPa (RLP=15%) in Case 6.
(3) Raft base contact pressures
The measured raft pressures showed even more significant changes during the shaking with different patterns depending on the types of foundations, the locations and the shaking history, i.e., Shake 1 or Shake 2. As a common trend of PRF, the pressures all increased in the EPWP build-up stage (till t 1 of P7 shown in Fig. 15 ). After that, the pressures showed different behaviors in different cases or shakings. For example, in Shake 1 of Case 5, all pressures reached to the vertical load intensity (q v ) till t 2 in the liquefaction stage, and then all pressures near the perimeter of the raft and the ARP started decreasing, but EP5 at the center of the raft increased after t 2 . This particular behavior implies that due to the liquefaction, the piles lost almost all the vertical resistance and the vertical load was carried by the raft during the liquefaction stage. Then at the consolidation stage, the vertical load was redistributed to the inner part of the raft below which the soil had a relatively higher stiffness than the outer part of the raft, and the piles regained the vertical resistance due to dissipation of EPWPs, meaning more pile resistance mobilized than the initial value before the shaking especially near the perimeter.
This trend in the variations in raft base pressure can be seen also in Shake 1 of Case 6 to some extent. However, the detail behavior is quite different especially in the beginning. The base pressures did not increase until about 5 sec and showed a rapid increase till t 1 but up to about half of q v . In Case 6 with more driven piles, the piles vertical resistance could be maintained in the beginning and then decreased by the liquefaction, but about a half, not all as observed in Case 5. In the consolidation stage the ARP decreased; in other words, the piles resistance was regained, but ARP at the end of shaking was larger than the initial value, meaning the mobilized pile resistance at the beginning, was not fully regained after the shake in Shake 1 of Case 6. It is also interesting that the amplitudes of dynamic component of the pressure were much larger for Case 5 than for Case 6, which could be attributed to the smaller rocking motion in the latter case and the larger vertical resistance of piles against dynamic load from the tank for Case 6 than for Case 5. The increase in the base pressure (EP5) or the stress concentration at the raft center by the shaking can be confirmed also in the slab foundation (Case 3b). The level of stress concentration of SF was much larger than PRF and this concentration could be decreased by increasing the pile density, which was partly because of relatively less confined stress with less RLP and also larger total piles resistance. Almost the same behavior as observed in Shake 1 occurred in Shake 2 with a slight difference. The large pressure at EP5 showed a rapid decrease at the beginning of Shake 2 even in SF (Case 3b). On the other hand, the increases in ARP by the liquefaction were smaller than those of Shake 1, which was the effect of densification by the first shaking. Furthermore, in Case 6, EP5 showed a reduction after t 2 , that suggested relative large regaining of pile resistance in the consolidation part. From these observations it is considered that these unstable or non-uniform pressures at the foundation base could be compensated by the additional resistance from the piles. Due to the failure in measuring EP5, the stress concentration at the raft center could not be confirmed in Case 4. However, the overall trend in the pressure behavior at the perimeter part of the raft are similar to the others. Also because of the uncertainty by the non-built-in pressure cells used in Case 4, the effect of pile installation process on the raft base pressures could not be observed between Case 4 and Case 5.
The ARP in Shake 1 and Shake 2 for all models are shown together with EPWP at P7 in Fig. 16 . In the case of slab foundation without piles (Case 3b), some variation and difference from the vertical load inten- sity (q v ) of ARP were observed during the shaking. This could be a limitation of simple averaging process of measured pressures. However, the variation in ARP is not so large and is close to q v compared to those in PRF cases. On the other hand, in PRF cases, a common trend could be confirmed from the figure; that is, the raft load proportion increased by the reduction of pile loads due to the liquefaction, but by the recovery of effective stresses of the soil due to the dissipation of EPWPs the raft load decreased. In other words, the pile load was regained gradually. This raft load (ARP) reduction is slower in Case 6 in comparison to Cases 4 and 5, because the EPWP dissipation stage (t 3 − t 2 ) was longer in Case 6 as shown in Fig. 16 . The recovery of pile load was earlier in Shake 2 than in Shake 1, which corresponds to the fact that t 2 in Shake 2 was earlier than that in Shake 1 for these cases (Fig. 16) . Comparing the behavior in the EPWP build-up stage until t 1 , only Case 6 showed a clearly different behavior between Shake 1 and Shake 2. In Shake 1 of Case 6, EPWP beneath the tank (P7) showed relatively slow and two-stages increase as discussed before (Fig. 13) , and the ARP did not increase until about 4.5 sec, which could be an effect of large number of pile driving. However, in Shake 2, the quick rise occurred in 3 sec both in EPWP and ARP. From the behavior in Shakes 1 and 2, it can be concluded that the effects of pile driving by the static penetration, such as the increase in horizontal stress, could be eliminated by the shaking. The behavior of piled raft foundation also depends on the frictional resistance of raft base. As explained before, silica sand No. 8 was glued on the bottom surface of the raft model to create a rough surface condition. The frictional resistance of tank base on the sand surface is τ f = σ × tg(ϕ ′ ) = 68 kPa and the maximum of dynamic horizontal stress on the raft surface is τ = (m × a max )/A = 24 kPa. In these equations, σ is tank normal stress on the subsurface (q v = 81 kPa), ϕ ′ is angle of friction (40 • ), m is mass of tank (363 ton), a max is maximum horizontal acceleration of tank (0.3 g), and A is raft base area. As this simple calculation indicates, the dynamic horizontal stress is much smaller than tank frictional resistance. Therefore, any slip between the tank and subsoil is not to be expected and the performance of PRF might not be affected.
(4) Tank response a) Tank accelerations and rocking motion
The accelerations at the top and bottom of the tank in the shaking direction (A9, A8) are shown with the input acceleration in Fig. 17 . In the figure, the tank accelerations in the transverse direction at the top (A13) and the bottom (A12) are also shown, but A13 could not be recorded in Case 6. The Fourier amplitude spectra of the tank accelerations both in the shaking and transverse directions are presented in Fig. 18 . In the shaking direction during the rapid increase in EPWP in the build-up period before t 1 , the difference between the tank bottom and top accelerations were relatively small. However, after t 1 , the bottom and top accelerations showed a difference; bigger at the top and smaller at the bottom than the input, which can be considered as an evidence of the rocking motion of the tank. Case 6 had the least difference between the top and bottom accelerations. In particular, the spectra of the tank top and bottom accelerations were similar to that of input. This is a clear evidence of the effectiveness of higher pile density in reducing the rocking motion of the tank. In Cases 3b, 4, and 5, short period components were significantly attenuated at the tank bottom, but the long period components amplified. As a difference between SF and PRFs, it can be observed that the phase differences between the tank bottom and top accelerations were more significant in the late part of shaking in Case 3b (SF) than in Cases 4, 5, and 6 (PRFs). The tank rocking motion was estimated using the recorded vertical displacements by L 1 and L 2 at two sides of the tank. For this purpose, first, the recorded displacements were smoothed to have a static component of the displacement and the smoothed data were subtracted from the measured displacements, the remaining can be considered as dynamic part of displacements at the tank edges (L 1d and L 2d ). The difference between L 1d and L 2d (L 1d − L 2d ) divided by the distance of the two LDTs is considered as the dynamic component of the tank rotation in the shaking direction, which is shown in Fig. 19 . The amplitude of the rotation was the smallest for Case 6 and both Cases 4 and 5 had almost the same amplitudes, which were compatible with the results presented in Fig. 18 . The largest maximum amplitude was observed in Case 3b among all cases. Although no significant difference in the tank accelerations can be seen between Case 3b and Cases 4 and 5 in Figs. 17 and 18 , the dynamic rotation shown in Fig. 19 indicates the effectiveness of PRFs in reducing the tank rocking motion even in a small number of piles.
In the transverse direction, the accelerations were much smaller than those in the shaking direction especially at the tank bottom with negligible amplitude and no clear dominant period. At the tank top in Cases 3b and 4, some vibration with maximum value about 20% of the acceleration in the shaking direction was observed. The dominant period of tank top vibration in the transverse direction was about 0.3 sec, which was half of that in the shaking direction (0.6 sec). This specific response of the tank top in the transverse direction could be attributed to the deflection of tank top due to the relatively small hoop stiffness at the top part of the tank wall, while the tank bottom was much stiffer than the top due to the aluminum-made raft, which was considered a rigid plate. Similar deformations might be developed due to the inertial force and dynamic water pressure inside the tank at both times when these forces acted in the positive and negative directions. The flexible deformation of the tank could also cause the acceleration difference at the tank bottom and top in the shaking direction. This acceleration difference could be one of the reasons for inconsistency in the discussion of rocking motion done by the tank accelerations and the dynamic rotation.
b) Tank settlements
In Fig. 20 , the settlements at the tank center, which is the average of L 1 and L 2 are compared for the entire period and the early stage of shaking at the top and bottom figures. The t 1 and t 2 obtained from P7 and P8 are also indicated in the figure. In Case 6, because P8 could not be recorded, the times of P9 are substituted. The settlements increased gradually during the shaking in contrast to the behavior of EPWPs, that is, a quick rise within a short time (Fig. 13) . Comparing the results in Shake 1 and Shake 2, the effect of densification by the first shake could be confirmed. Even though the input motion in Shake 2 was larger than that of Shake 1, the settlements in the second shake were smaller than those of the first. The effect of pre-shaking was more significantly evidenced in the beginning of the shaking. In Shake 1 of Cases 3b, 4, and 5, the tank started settling at the time of about 1.5 sec, which was the actual onset of the shaking in terms of Arias intensity (Fig. 11) , and the settlement rate increased with time until t = 3 sec while in Shake 2, there were no substantial settlement until t = 2.3 sec. The relatively large settlement of Shake 1 in the beginning of shaking could be attributed to the poor contact of the raft base to the ground surface, a kind of bedding error, which can be removed by the first shake. After this initial part, the settlement increased almost linearly with time until t = 8 sec at the time when EPWP dissipation started in the deep depth beneath the tank (P2 as shown in Fig. 13) . In Shake 1 of Case 6, the settlement started with delay at 2.5 sec and increased slowly until about 4.5 sec but after that, it increased rapidly until 8 sec, the time when the dissipation in the deeper part started. This delay and slow increase in the settlement at the beginning can be attributed to the slow EPWP increase and the remaining pile resistance as the effects of high density of driven piles as discussed before (Fig. 16) . However, after 4.5 sec the effect could be diminished by the shaking, which resulted in further EPWP generation and the reduction of piles resistance and the large settlement. Although the settlement rate started decreasing at 8 sec, further settlement occurred even after the time when EPWP just beneath the raft started decreasing (t 2P7 ), until the time when EPWP at the shallow depth beside the raft started decreasing (t 2P8 or t 2P9 (Case 6)). After this time, the minor settlement took place, which was mainly caused by small shaking and the consolidation of sand. The residual settlement in the late stage of the tests seems smaller for Cases 4, 5, and 6 (PRFs) than for Case 3b (SF). Recovery of pile bearing load, which can be confirmed in Fig. 16 , could be a reason for the smaller settlement in the late stage of the shaking and after the shaking in the PRFs than in the SF. In Shake 2, the particular difference between Case 6 and the other cases observed in Shake 1 was no longer observed, which was also an evidence that the effects of pile driving could be diminished by the first shaking.
As for the overall effect in reducing the settlement, simple direct comparisons could not be done because of different input acceleration and initial density of the sand. To discuss these effects, the EPWP behavior could be a reference, especially liquefaction time (t 2 ) and consolidation time (t 3 ) at the ground outside of the tank. This is because the liquefaction time and the consolidation time after the liquefaction will be longer for the less dense sand and the larger shaking if the shaking time is the same. From Fig. 13 , the level of liquefaction is considered the highest in Case 6 and second in Case 5, while Cases 3b and 4 had almost the same liquefaction level. Considering the relative significance of the liquefaction or shaking, the effect of piles of PRF as settlement reducers can be confirmed from the results of Case 3b and Case 4. While for the effects of pile driving and the pile number, they can be seen in the beginning of Shake 1 between Cases 4 and 5 and Cases 5 and 6 respectively. However, the effects of pile driving and pile number on the settlement reduction cannot be confirmed in the later part of Shake 1 and in Shake 2 due to the elimination of the driving effects by the shaking and incomparableness of the test conditions.
Besides the above-mentioned effects, i.e., sand density, input motion, and pile installation method, load proportion between the raft and pile could be a critical factor. Before Shake 1 of Case 6, the majority of the vertical load was carried by the piles (Fig. 16 ) and the settlement was very small before losing the pile resistance till t ∼4.5 sec. But once the piles lost resistance and the load was transferred to the raft, a large settlement occurred even for the case with 24 piles.
c) Tank maximum rotation
In the safety assessment of tank foundation, the uneven settlement is a critical concern. For the relatively small diameter tank supported by a rigid slab or raft, the uneven settlement is equivalent to the rotation of the foundation. In the previous dynamic model tests of foundation using the one-directional shaking table, e.g., Takemura et al. (2014) , 20) the rotation of tank foundation was only measured in the shaking direction. In this study, with the settlement at three locations (Figs. 1 and 22) , the maximum rotation was measured. Figure 21 shows the variation in the maximum rotation during the shaking for the entire period and early stage of the shaking in the top and bottom figures with t 1 and t 2 of P7 and P8 or P9 (Case 6), respectively. The maximum rotation is calculated using equation of flat plane in geometry and the recorded data of three LDTs at the top of the tank (L 1 , L 2 , and L 3 ). Assuming the location of three LDTs as horizontal coordinate (x and y) and the settlement at three locations as the vertical coordinate, the point of the maximum settlement on the raft (point D shown in Fig. 22 ) was estimated. Then the maximum rotation of tank in the direction from tank center to point D was calculated. In this calculation, the three LDTs data were used after eliminating the high-frequency contents in order to remove the noise from the calculated results especially in the beginning when the settlements were relatively small. In the beginning of shaking, the rotation gradually increased with time but was very small until t 1 of P7 in all the cases except that of Case 6 (Driven PRF, 24 Piles). Although t 1P7 in Shake 1 of Case 6 was longer than those of the other cases, the increase in rotation in the early stage was much larger both for Shake 1 and Shake 2. In Shake 1, the rapid increase in the rotation started from t = 3.5 sec, but in Shake 2 the increase started from t = 2 sec. The time of the large rapid rotation increase in Shake 1 of Case 6 was close to the time of the onset of the ARP increase from a very small value ( Fig. 16 ) and the time of the onset of increase in the settlement (Fig. 20) . It is considered that in the beginning of Shake 1 in Case 6, the almost vertical load was carried by piles and the raft base contact condition to the ground surface could not be uniform with some local gaps due to the small raft load. This initial condition caused thelarge and relatively non-uniform settlement by the reduction of pile resistance, resulting in very large rotation from the beginning. The earlier large rotation in Shake 2 of Case 6 could be a result of the initially existing inclination of the foundation. This large settlement and rotation could also be enhanced by the relatively large level of liquefaction in Case 6 as compared to the others as discussed in the previous section. Besides Case 6, the behaviors of the tank on liquefied sand in the other cases were also quite complicated and different in different cases. In Case 4 (nondriven PRF, 12 Piles), the rotation increased monotonically in the liquefaction stage (from t 1 to t 2 ) both for Shake 1 and Shake 2. While in Shake 1 of Case 3b, the rotation increased after t 1 but tended to decrease in the liquefaction period. In Shake 2 of Case 3b, the rotation behavior fluctuated more during the shaking. In both shakes of Case 5, the rotation increased monotonically in the liquefaction period but not as much as Cases 4 and 6. As a result, the tank rotations after the shaking were larger for Cases 4 and 6 (PRFs) than for Case 3b (SF) and Case 5 (PRF). The large dynamic raft base pressure amplitudes can be pointed out as a common behavior of Case 3b and Case 5 as compared to relatively small amplitudes in Case 6 (Fig. 15) especially in Shake 1. This large reaction from the raft against the dynamic load could also positively work for reducing the rotation. Figure 22 shows variations in the direction of maximum rotation, θ, during the shaking. The definition of θ is given in Fig. 22 . From the figure, the PRF cases could be divided into two groups. In Cases 4 and 6, the direction suddenly changed from the shaking direction (θ = 0 or 180 • ) to a different direction and became constant to a certain direction more transverse than the shaking direction. While in Case 5, although some fluctuation in the direction took place in the beginning, the maximum rotation directed to the shaking direction (θ ∼ 180 • ). On the other hand, in Case 3b, the direction showed unstable behavior, gradually changing from the shaking direction until the end of the shaking, which corresponded to the change in rotation during the shaking shown in Fig.  21 . Comparing Figs. 21 and 22 , it can be seen also that the rotation tends to be larger for the case with maximum rotation direction more to the transverse direction than to the shaking one. From these observations, it can be inferred that once the direction of the rotation is fixed to a direction diverted from the shaking direction, the rotation will be accumulated by the
